The temporal and spatial environmental flow requirements (EFRs) for the river ecosystem of the Haihe River Basin were analyzed based mainly on the eco-functional regionalization of available water resources. The annual EFRs for the river ecosystem of the Haihe River Basin were 47.71 × 10 8 m 3 , which accounted for 18% of the average annual flow (263.9 × 10 8 m 3 ). The EFRs for river reaches, wetlands, and estuaries were 22.67, 15.32 and 9.72 × 10 8 m 3 , respectively. Moreover, the EFRs for the river ecosystem during the wet (June to October), normal (April, May, November), and dry (December to March) periods were 29.99, 9.51 and 8.21 × 10 8 m 3 , respectively. Thus, toward a more integrated water resource allocation in the Haihe River Basin, the primary effort should focus on meeting the EFRs for river systems located in protected areas during the dry period.
INTRODUCTION
At present, many river ecosystems have been degraded extensively due to the increasing number of human population throughout the world and the corresponding overuse of water resources (Hofman et al. ) . Such overuse has led to the emergence of a wide range of ecological crises in these areas (Gleick ) . Specifically, the irrigation of agricultural lands, hydropower generation, and utilization for industrial and domestic water supply have had adverse effects on river ecosystems (Tharme ) . The importance of implementing sustainable water resource management (Song et al. ) , which ensures the integrity of a river ecosystem and the preservation of safe water resources, has become a relevant issue in various sectors of society (Acreman & Dunbar ).
Some water areas along a river must be preserved to ensure sustainable river ecological processes, continuously meet the needs of the population, and maintain the biodiversity of the river ecosystem (Poff et al. , ) . Preserving and restoring the natural flow regime (Alonso-González et al. ) and the healthy ecological functions of the river ecosystem are the key principles in river ecosystem management (Richter et al. ; Arthington et al. ) . Environmental flow assessment is mainly used in water resource management (Gupta ) to maintain the integrity of the river ecosystem. This is achieved by adjusting the flow regime to make it as close as possible to natural conditions (Rapport et al. ) . The proper assessment of the environmental flow requirements (EFRs) for degraded river ecosystems has become a major issue in the field of integrated water resource management (Love et al. ) .
The approaches developed to determine the EFRs of a river ecosystem can be grouped into four types: the hydrological method, hydraulic method, habitat simulation method, and the holistic method. Each of these methods is selected based on the type of issue involved, management objectives (e.g., ecological, economic or social objectives), expertise, time and funds available. All these methods have a common characteristic, that is, they all require large amounts of hydrological, hydraulic and preferable habitat data, making it difficult to apply these methods. Alcáza et al. () have presented a neural network model that considers hydrological and physical watershed characteristics to estimate the environmental flow of the Spanish Ebro River Basin. Yang et al. () proposed a base flow index, through which they estimate the EFRs for the integrated water resource allocation in the Yellow River Basin in China. Alcáza & Palau () utilized principal component analysis (PCA) and cluster analysis (CA) to establish the environmental flow regimes of the Spanish Ebro River Basin.
However, these studies have been conducted in areas where the water resources are relatively abundant or the ecological integrity level is relatively well developed. In comparison, the Haihe River Basin is an area of seriously scarce water resources; moreover, the structure and function of the river ecosystem are extensively degraded by intensive human activities. The EFRs for a river ecosystem like the Haihe River Basin have been assessed based on the Tennant method (Yang et al. ; Liu et al. ) . The assessments, however, do not consider the ecofunctional regionalization of the water resources, the partitioning of rivers, and their corresponding locations in the water resource eco-functional area. Thus, their EFRs assessment results are generally larger than the actual water volume that can be allocated to implement it. Hence, the EFRs for a river ecosystem could not be implemented effectively in water resource management, and the ecological integrity of the basin has not been improved effectively.
In the present study, the EFRs for a river ecosystem are assessed based on the eco-functional regionalization of the water resources and the river ecological restoration type. The objectives of the present study are as follows: (1) to develop a method to assess the EFRs, and (2) to analyze the temporal and spatial variability of the EFRs for the river ecosystem of the Haihe River Basin in China. The estimation results will allow managers to implement better water resource management strategies and to improve the ecological integrity level of the basin.
MATERIALS AND METHODS

Study area
The Haihe River Basin (E112 W 00 0 to N35 W 00 0 -N43 W 00 0 ) is a semi-arid and semi-humid area with a total size of 318,200 km 2 . It is one of the seven major river basins in China. The climate of this region is characterized as a temperate continental monsoon type with an annual average rainfall of 480 mm. Average annual evaporation is 470 mm in land and 1,100 mm in surface water. There are four major river systems in the area, namely, the Tuhaimajia River System, Southern Haihe River System, and the Northern Haihe River Systems, as well as the Luan River and Coastal River Systems of Eastern Hebei Province (Table 1) . The average annual water resource of the Haihe River Basin is 370×10 8 m 3 , due to the scarce surface water. The underground water, accounting for 65% of the available water resources, is the major source for living and industrial activities. There are many underground water cones of depression in the area for excessive exploitation of the underground water resources. The water resource development ratio was 108%, whereas the disposal ratio of wastewater was less than 40% in 2010. A large amount of non-disposed domestic sewage and industrial wastewater comprise the major water sources for the EFRs for the river ecosystem. Thus, the natural structure and function of the river ecosystem of the Haihe River Basin is degraded, and its ecological integrity is low.
Many large cities, such as Beijing and Tianjin, are located in the area (Figure 1 ). Ensuring the safe water resource supply and the ecological integrity of the river ecosystem are important factors for the sustainable development of the area. Therefore, the degraded river ecosystem and the ecological integrity of the Haihe River Basin must be restored and improved immediately.
EFRs methodology and method development
Considering the spatial structure of the river ecosystem, the EFRs for a river ecosystem comprise three components, namely the EFRs for river reaches, wetlands, and estuaries. The calculation method for the EFRs for a river ecosystem is as follows: (1) the respective EFRs for the river channels, wetlands, and estuaries are calculated; this is followed by (2) calculation of the EFRs for the different river reaches of the same river system; and (3) the calculation of the monthly and annual EFRs for the different river systems at the river basin scale. Therefore, the temporal and spatial EFRs for a river ecosystem can be determined using the detailed calculation method reported in our previous work (Yang et al. ) . The assurance coefficient of the EFRs proposed in our study is a very important parameter in determining the EFRs for a river ecosystem.
The assurance coefficient of the EFRs
In the present study, the assurance coefficient of the EFRs consists of three parameters, namely, the assurance coefficients of: (1) the base flow (ξ), (2) the water resource ecofunctional area (α), and (3) the river ecological restoration type (β). The assurance coefficient of base flow (ξ) is a very important parameter in assessing the EFRs for a river ecosystem (Liu et al. ) . Its value ranges from 0 to 1. In our work, this parameter was identified based on: (1) the recommended percentage of average annual natural flow determined using the Tennant method, and (2) the calibration factor a i (i.e., the ratio of annual natural flow to the average annual flow with three guarantee ratios of 25, 50, and 75%). The assurance coefficient of the base flow was determined using the following equations:
In Equation (2) above, Q ki is the annual natural flow of the k sub-ecosystem (i.e., rivers, wetlands, and estuaries) with i as the guarantee ratio (25, 50, and 75%) (10 8 m 3 =year); Q n is the average annual flow (10 8 m 3 =year); and a i is the calibration factor with the 25, 50, and 75% guarantee ratios. The values of ξ with these guarantee ratios are shown in Table 1 .
According to the results of the National Water Resources Planning and Regionalization (MWR ), the Haihe River Basin is categorized into four water resource eco-functional areas, namely, the protected area (PA), the reserved area (RA), the buffer area (BA), and the development and utilization area (DUA) (Lin et al. ) . Ecological restoration level of these is in decreasing order, and water resources allocation for EFRs in the four areas also decrease (Lu et al. ) . The 21 river reaches within the Haihe River Basin can be grouped into three types based on their specific degraded characteristics (Shi et al. ) : habitat recovery type (HR), water quality recovery type (WQR), and vegetation recovery substitute water quantity recovery type (VRSWQR). According to the recommended percentage of average annual flow based on the Tennant method, and the ecological service function of the four water resource eco-functional areas, the values of the assurance coefficients of the four ecofunctional areas (α) were then computed. The results are shown in Table 2 . The values of the assurance coefficients of the river ecological restoration type (β) were also computed. The results are shown in Table 3 . 
EFRs for the river channels
The EFRs for the river channels are determined using the following equation:
where Q L is the EFR for the river channel [(m 3 /month) (×10 8 m 3 )], ξ 1 is the assurance coefficient of base flow for the river channel, α i is the assurance coefficient of the ith water resource eco-functional area, l i is the length of the river reach located in the ith water resource eco-functional area (km), L is the total length of the river reaches (km), β is the assurance coefficient of a river ecological restoration type, and Q n is the average monthly flow [(m 3 /month) (×10 8 m 3 )].
EFRs for the wetlands
The EFRs for the wetlands consist of three components, namely, the respective EFRs for wetland vegetation, wetland soil, and those that preserve suitable habitats for wild animals. Thus, the EFRs for the wetlands represent the summation of these three components. Moreover, the compatible rule or the 'maximum' principle (Yang et al. ) is also used to assess EFRs for the wetlands, which can be determined using the following equation: EFRs for the estuaries represent the summation of these three components. These can be determined by the following equation:
where ξ 3 is the assurance coefficient of base flow for the estuary, α is the assurance coefficient of a water resource eco-functional area, F a is the EFRs for estuarine water circulation [(m 3 /month) (×10 8 m 3 )], F b is the EFRs that maintains natural metabolism for estuarine animals [(m 3 /month) (×10 8 m 3 )], and F c is the EFRs that preserves suitable habitats for estuarine animals [(m 3 /month) (×10 8 m 3 )]. The calculation procedure of the above parameters is presented in detail by Sun & Yang () .
RESULTS AND DISCUSSION
The hydrological data were obtained from the Haihe River Water Conservancy Commission. Based on the average monthly natural flow data from 1956 to 1984, the ecological restoration types of the 21 river reaches (Table 4) , and the water resource eco-functional areas of the Haihe River Basin are presented in Tables 4, 5, and 6. The monthly and annual EFRs for the 21 river reaches, 12 wetlands, and three estuaries of the Haihe River Basin were also calculated, with the results shown in Tables 7, 8 and 9, respectively.
Temporal variability of the EFRs for the river ecosystem
The monthly EFRs for river reaches are maximal in August at 5.49 × 10 8 m 3 and minimal in February at 1.19 × 10 8 m 3 (Figure 2) . The monthly EFRs for the wetlands are maximal in June, July, and August at 9.40 × 10 8 m 3 and minimal in December, January and February at 4.27 × 10 8 m 3 . The monthly EFRs for the estuaries are maximal in August at 2.05 × 10 8 m 3 , and are minimal in February at 0.004 × 10 8 m 3 . Furthermore, the EFRs for the river ecosystem during the wet (June to October), normal (December to March), and (Table 7) , the monthly EFRs for the 12 wetlands (Table 8 ) and the monthly EFRs for the three estuaries (Table 9) , and the EFRs for the river ecosystem during the three water periods are 29.99, 9.51 and 8.21 × 10 8 m 3 , respectively.
In addition, the Haihe River Basin is located in the semiarid region of North China, where the precipitation has seasonality, and the annual precipitation is unbalanced. Moreover, the available water resources of the Haihe River Basin are scarce; in fact, the surface water resource only reached 115.60 × 10 8 m 3 in 2009 (HWCC ). Thus, the limited water resources should be allocated to ensure adequate EFRs during the dry period.
Spatial variability of the EFRs for a river ecosystem
Water allocation for river ecological restoration should be based on the degraded condition and the corresponding restoration objective of the river reach. The EFRs for the HR type of the river reach are 11.40 × 10 8 m 3 , which accounts for 4.320% of the average annual flow; the EFRs for the WQR type of the river reach are 11.38 × 10 8 m 3 , which accounts for 4.312% of the average annual flow; and the EFRs for the VRSWQR type of the river reach are 1.54 × 10 8 m 3 , which accounts for 0.584% of the average annual flow (Tables 4 and 7) .
The annual EFRs for the four river systems in the Haihe River Basin (Figure 3) , namely, the LRCRSEHP, the NHRS, the SHRS, and the THMJRS are 5.25 × 10 8 , 8.00 × 10 8 , 32.54 × 10 8 and 1.89 × 10 8 , respectively. The annual EFRs for the river reaches, wetlands, and estuaries are 22.67, 15.32 and 9.72 × 10 8 m 3 , respectively (Tables 7, 8, and 9). Therefore, the annual EFRs for the river ecosystem of the Haihe River Basin are 47.71 × 10 8 m 3 , which accounts for 18% of the average annual flow (263.9 × 10 8 m 3 ).
CONCLUSIONS
Assessing the EFRs for a river ecosystem and properly managing the allocation of water resources to meet the EFRs are very important in restoring a degraded river ecosystem. Water resource scarcity and river ecosystem degradation are the two main eco-environmental problems faced by the Haihe River Basin, a developed area in China. The EFR assessment should be based on the ecofunctional regionalization of the water resources and the river ecological restoration type. In addition, water allocation for river ecological restoration should consider temporal and spatial variability of the EFRs. For temporal variability of the EFRs, the EFRs for the river ecosystem during the wet (June to October), normal (December to March), and dry periods (April, May, November) are 29.99, 9.51 and 8.21 × 10 8 m 3 , respectively. The annual EFRs for the river ecosystem of the Haihe River Basin are 47.71 × 10 8 m 3 , which accounts for 18% of the average annual flow (263.9 × 10 8 m 3 ). Moreover, for spatial variability of the EFRs, the annual EFRs for the river reaches, the wetlands, and the estuaries are 22.67, 15.32 and 9.72 × 10 8 m 3 , respectively.
